[2]Rotaxanes are interlocked molecular systems in which the cavity of a macrocycle (wheel) is threaded by a linear compound (axle). The axle is held in place principally by a sterically demanding moiety (stopper) at each end. If the two ends of a rotaxane are covalently linked together, then an assembly of two intertwined macrocycles (termed [2]catenane) is generated. Although rotaxanes and catenanes have been extensively investigated by several research groups, only a limited amount of studies has been devoted to these systems when a peptide molecule characterizes either the axle or the wheel(s) (or both). The purpose of this short conceptual overview is to summarize recent fi ndings on synthetic and naturally occurring peptide-based [2]rotaxanes, [3]rotaxanes, and [2]catenanes and discuss future prospects for the research in this emerging area of supramolecular chemistry.
Introduction
A ' rotaxane ' is a bead-on-a-string type structure in which a linear molecule threads through at least one cyclic molecule (in this supramolecular system, the number of components, e.g., one linear and one cyclic molecule, is indicated by a number in square brackets, e.g., [2] , preceding the word rotaxane) (1 -6) . A sterically bulky moiety ( ' stopper ' ) at each end of the linear molecule does not allow the assembly to unravel. A ' catenane ' is a different, but related, topological system where at least two rings are interlocked (if two macrocycles are involved, then a [2] catenane is generated). The most widely utilized forces to keep the various components of a rotaxane and a catenane in place are intermolecular/intersystem π … π (electron rich)donor … acceptor(electron defi cient) interactions and H-bonds, typically of the C = O … H-N type. Interestingly, controlled translocation of a wheel between two (or more) specifi c sites (called ' stations ' ) in the axle of the supramolecular system gives rise to a ' molecular shuttle ' or ' molecular machine ' .
In addition to the stations, oligomeric systems, which commonly consist of repeating oxyethylene building blocks, are often exploited in the construction of rotaxanes and catenanes. In this overview, we discuss these types of topological systems, but limited to those characterized by oligopeptide units either in the axle or in the wheel(s), or in both components. Most of the known peptide-based rotaxanes and catenanes have been synthetically assembled, but a limited number of them are naturally occurring and bioactive.
Contributions to synthetic, peptide-based rotaxanes by Leigh ' s group
Synthetic peptido [2] rotaxanes, most of them based on different -Gly-Xxx-(Xxx is commonly Gly, but chiral protein amino acids were used as well) dipeptide stations in the axle, were fi rst reported, their three-dimensional (3D) structure characterized by nuclear magnetic resonance (NMR) and at atomic resolution by X-ray diffraction crystallography, theoretically treated, and extensively developed in several papers by Leigh and coworkers (7 -24) (Figures 1 A and 1B) . Such unhindered diamide stations are able to template effi ciently the formation of an aromatic tetramide wheel to afford [2] rotaxanes through a fi ve-component clipping reaction (7) . Typically, benzhydryl moieties act as stoppers. A small amount of the [3] rotaxanes was also produced (8) . Leigh ' s group was able to create a molecular shuttle by inducing an intramolecular translational isomerism, governed by solvent effects, in peptido [2] rotaxanes with two stations (8) .
A new type of phenomenon, whereby the conformation adopted by one of the mechanically interlocked components is regulated through selectively activated non-covalent interactions with another component ( ' co-conformation ' ), was described (9) . An unexpected, enhanced H-bonding induced by photoexcitation of an anthracene-9-carboxamide N-terminal stopper of a peptido [2] rotaxane was unraveled (11) . Peptido [2] rotaxanes consisting of an intrinsically achiral, aromatic wheel locked onto various chiral -Gly-LXxx-dipeptide stations exhibit a strong and negative induced circular dichroism (CD) band near 245 nm in solvents of low polarity (13) . This effect is lost in polar solvents. A remarkable correlation was found during synthesis between the effi ciency of the H-bond-directed assembly of peptido [2] rotaxanes and the symmetry distortion of the aromatic tetramide macrocycle in the 3D structure of the fi nal product (14) . Peptido [2] rotaxanes and [3] rotaxanes were assembled in high yields under thermodynamic control using H-bonding interactions and reversible olefi n cross-metathesis (15) .
A [2] rotaxane was synthesized in which fullerene C 60 behaves as a stopper and a photoactive unit (16) . A reversible chiroptical switching was induced in a bistable [2] rotaxane containing a chiral dipeptide (-Gly-l -Leu-) fi rst station by photoisomerization of a fumaramide second station (17) . A [2] rotaxane was prepared by using a mechanically interlocking auxiliary which opens/closes a gate (18) . This practical synthesis is unique in the sense that it does not depend on a strong recognition motif between the axle and the wheel. The fi nal step involves cleavage of the auxiliary to release the rotaxane.
[2]Rotaxane-based, light-operated molecular machines were developed using an anthracenyl carboxamide stopper and a bis -acrylamide station, with the latter undergoing cis ( Z )/ trans ( E ) equilibrium (19) . Some rotaxane-based switches were found to function not only in solution but in polymer fi lms as well (20) . The fi rst [2] rotaxanes which utilize synthetic cyclic peptides [i.e., cyclo ( l -Pro-Gly) n with n = 4 and 5] as the macrocyclic component were prepared. To this end, nonpeptidic diammonium threads were used (21) . Protonation of an amino function in the axle controls the location of a dual binding mode macrocycle in a [2] rotaxane. Only in the neutral (amino) form (wheel)amide … peptide(axle) H-bonds hold the wheel over the dipeptide station (23) .
An interesting [2] rotaxane-based propeptide was recently reported (24) (Figure 1 C) . In particular, the synthesis and properties of this rotaxane in which a macrocycle effectively protects a bioactive pentapeptide (Met-enkephalin) thread from proteolytic attack were described. The enzyme (glycosidase)-catalyzed cleavage of a monosaccharide unit in one of the stoppers of the rotaxane triggers the release of Met-enkephalin through a self-immolative mechanism involving an ortho -NO 2 , para -hydroxy-benzylurethane moiety. Metenkephalin possesses an N-terminal -Gly-Gly-dipeptide sequence station and a C-terminal -l -Phe-l -Met-dipeptide which is bulky enough to act as a stopper for the aromatic tetramide wheel.
Contributions to synthetic, peptide-based rotaxanes by other research groups
In addition to the quantitatively and qualitatively relevant production which emanated from Leigh ' s group, other laboratories were also active in the area of synthetic peptido rotaxanes (25 -37) .
In particular, Meillon et al. (25) described the thermoregulated CD properties of a [3] rotaxane in which the β -turn-forming, 7-mer peptide amide positions two dibenzo-24-crown-8 ether side chains separated by three intervening residues in such a way that they are nicely oriented to generate a threaded 1:1 complex with a dibenzyl-diammonium host molecule. This pseudorotaxane (no stopper is present in the axle) involves the cooperative action of the two crown ether moieties and its formation is thermodynamically favored. A fl uorescence transfer process across a (coumarin 2) donor … acceptor(coumarin 343)-tagged pep tido [2] rotaxane was studied (27) . The -Gly-Gly-station is close to the coumarin donor, which acts as a stopper, and the coumarin acceptor is located on the wheel. The motion of the interlocked molecule was based on the behavior of Leigh ' s rotaxanes (16) . Cheetham et al. (28) reported the ( α -chymotrypsin) enzymatic synthesis and the diazoaromatic-based photoswitchable enzymatic cleavage of a -Phe-Arg-dipeptide-linked rotaxane in which the α -cyclodextrin ( α -CD) wheel is positioned over the diazoaromatic station. An insulin molecule monosubstituted with poly(ethylene glycol) (PEG) forms polypseudorotaxanes with α -CD and γ -CD by inserting one PEG chain in the α -CD cavity and two PEG chains in the γ -CD cavity (30) .
The results also showed that this type of polypseudorotaxanes is able to work as a sustained drug release system. Hirata et al. (31) prepared a novel type of polypseudorotaxanes composed of a PEG chain as the axle and 24-atom glyco-hexa-β -peptide macrocycles. A notable feature is the self-assembling (stacking) of the wheels into a unidirectionally aligned peptide nanotube endowed with a large dipole moment. The supramolecular structure is stable without stoppers due to the multiple hydrophobic interactions operative between the PEG chain and the nanotube formed by the cyclic hexa-β -peptides. A rotaxane framework was prepared where the wheel is decorated with catalytically peptide dendritic branches (32) . The motion of the rotaxane components leads to an effective convergence of the catalytic groups about a rigid substrate (esterase model) binding pocket. A detailed photophysical study was conducted on a peptido [2] rotaxane characterized by a triad of photo/electroactive units (ferrocenoyl groups as substituents in the ring and a fullerene C 60 /ruthenium porphyrin complex as one of the stoppers) organized along a supramolecular gradient (33) . Co-conformational equilibria were investigated between imide-Gly and amide stations of rotaxanes where the main interactions arise from H-bonding with the aromatic tetramide ring (34, 35) . Platinum-containing rotaxanes were prepared as cytotoxic agents which specifi cally target cancer cells (36) . Two Arg moieties positioned on the wheel potentially improve association with the DNA backbone or cell membrane phosphate groups. Finally, spin-spin coupling constants between nuclei belonging to the dipeptide axle of a [2] rotaxane and the aromatic tetramide wheel were calculated (37) .
Nature ' s wheel and axle supramolecular systems
Even nature has developed an intriguing set of peptide-based rotaxanes without disulfi de bridges which exhibit divergent biological activities. The most widely examined compound of this class is microcin J25, produced by various strains of enterobacteria (38 -54) . At one end of the 21-mer peptide is a relatively small ring (formed by a covalent bond between the N-terminal α -amino group and the side-chain γ -carboxylic group of Glu 8 ). The other end of the chain loops back and threads through the ring. The C-terminus of the peptide chain is encircled by the N-terminus in a clockwise (righthanded) manner (Figure 2 A) . Overall, this ' lariat protoknot ' is like a ' lassoed tail ' . The 3D structure is extremely stable to heating and denaturing agents. Two bulky aromatic residues (Phe  19 and Tyr   20 ) near the C-terminus sterically lock the tail in place. Indeed, Phe is located on one face of the cycle and Tyr protrudes on the other face. The chain reversal ( β -hairpin) involves a dynamically disordered 11 -14 segment. C-terminal residues give rise to an antiparallel β -sheet with the dipeptide 6 -7 of the ring. Interestingly, when the peptide is cut with thermolysin (at level of the 10 -11 peptide bond), the two segments stay together (still threaded), but the antimicrobial activity is greatly reduced. However, the in vitro ability to inhibit RNA polymerase is retained. Microcin J25 (and related compounds, see below) are the only known examples of peptido rotaxanes where non-covalent interactions are effectively permanent.
During biosynthesis, two processing enzymes, associated with the bacterial inner membrane, help the initial, 58-mer linear polypeptide chain pre-fold into the correct shape (42, 44 -46, 48 -50, 52 -54) . Then, the post-translational modifi cation goes on with one of the two enzymes which cuts off a portion of the chain (the ' leader ' peptide of 37 amino acids) and forms the isopeptide bond to encircle the C-terminal tail. The requirement for a minimum of eight residues immediately preceding the enzymatic cleavage site of the linear precursor peptide indicates that these residues are important for its recognition by the maturation machinery. However, it may be concluded that the intact leader peptide likely does not perform a chaperone function.
Thus far, the total chemical synthesis of this lassoed tail peptide has proven to be unsuccessful. Getting it into the proper conformation before forming the (Gly 1 ) α NH-γ CO (Glu 8 ) lactam ring is a great challenge. Moreover, there are two different topologies wherein the tail can be irreversibly threaded through the macrocycle, but obviously, only one of them corresponds to the native structure. Only the synthesis of the ' lariat ' peptide (unthreaded ring and covalently linked tail) was published. However, the lariat peptide is not a useful precursor for the preparation of the fi nal entangled ' noose ' microcin J25.
A more recent experimental investigation of folding in a chemically synthesized bis -substituted microcin J25 linear analog suggests that the natural peptide does not spontaneously adopt a near-lasso structure (49) . In addition, a detailed computational study points to a role for at least part of the leader sequence and/or its maturation enzymes in facilitating the onset of the correct, right-handed topology. Mutagenesis libraries targeted to the tail portion of microcin J25 showed that multiple amino acid substitutions are well tolerated in terms of antimicrobial activity. Conversely, mutagenesis of the ring portion is detrimental. Therefore, the ring region and the β -hairpin loop formed by the tail play distinct roles in the peptide antimicrobial activity. Furthermore, only a small number of residues in either the cycle or the threaded segment of the tail are important for microcin J25 production and inhibition of transcription (47) . Finally, the fi rst successful application of the extraordinarily stable microcin J25 lasso scaffold was reported. The integrin-binding Arg-Gly-Asp motif was grafted as epitope onto the tripeptide 12 -14 of the β -hairpin motif. Interestingly, the originally antibacterial microcin J25 was converted into a nanomolar integrin inhibitor (51) .
Microcin J25 is not the only peptide-based rotaxane known to be lacking disulfi de bridges (class II lasso peptides). For example, others are the 18-to 20-residues-long lariatins (55 -57) and capistruin (58 -60) , and the shorter 16-mer RES-701-1 (61) . Their biological activities are diverse, ranging from specifi c inhibition against mycobacterial growth to endothelin B receptor antagonism. Some of them possess an eight-residue (Gly 
NH-
β CO (Asp 9 ) ring lactam. All of them are characterized by a short antiparallel β -sheet formed between residues of the cycle and the threading tail. In capistruin, the bulky Arg 15 residue is responsible for the trapping of the tail, whereas in RES-701-1, this role is played by the C-terminal triplet of aromatic residues.
Synthetic, peptide-based systems of higher complexity: [2]catenanes
A higher level of complexity in supramolecular chemistry systems is given by peptide-based catenanes (62 -68) where two circular peptide molecules are interlocked (1 -6) [the fi rst protein catenane was authenticated by X-ray diffraction analysis in the bacteriophage HK97 capsid (69) ]. In 2001, Yan and Dawson (62) described the fi rst synthetic compound with a topologically linked backbone structure, i.e., a peptido [2] catenane (Figure 2 B) . To this end, the 31-amino-acid-long tetramerization domain of the tumor suppressor protein p53 with an N-terminal short extension (with a Cys residue at position 1) was synthesized by solid-phase peptide synthesis. Folding and subsequent dimerization to an α -helix coiled coil system is rapid and highly effi cient at pH 6. To form the peptide bonds between the two N-termini and the two C-termini of the p53 analog folded dimer, the highly chemoselective reaction termed ' chemical ligation ' (70) was utilized. It involves the rapid and specifi c reaction of an N-terminal Cys thiol function with a C-terminal α -thiolester group to form a peptide bond via thiolester exchange followed by an S → N acyl shift. If the N-terminal Cys and C-terminal thiolester groups are positioned on each peptide of the dimer, a peptido [2] catenane may be generated (in addition to the cyclic dimer). The resulting product is thermally very stable (because of reduction in entropy associated to destabilization of the unfolded state) even though only one of the dimer interfaces is topologically linked. It was also found that p53 [2] catenane molecules self-assemble to produce a dimer of catenanes. The synthesis and thermodynamics of a monomeric peptido [2] catenane obtained from a doubly mutated p53 analog with disruption of the hydrophobic dimer … dimer interface were subsequently reported (63) . Finally, it was unambiguously shown that it is possible to assemble a topologically linked p53 peptide complex by initially threading the linear peptide through the cyclic peptide (the latter with a slightly different sequence) to form a [2] pseudorotaxane intermediate (64) . Subsequent ring closure using chemical ligation cyclizes the linear component and forms a [2] heterocatenane. Threading a peptide through a peptide was shown to be a highly effi cient process. A theory for the stabilizing effect of the catenane topology of the peptide p53 analog was developed (65) . There are two distinct contributions: backbone cyclization and constrained relative motion of the two rings in the unfolded state associated with interlocking.
Interesting developments in the area of formation of peptide-based catenanes from dynamic combinatorial libraries were recently reported (66 -68) . These supramolecular systems were produced using reversibly binding units which self-assemble around a receptor target (acetylcholine) (66) . Specifi cally, chiral dipeptides, e.g., -l -Pro-l -Phe-, containing a masked aldehyde function and a hydrazide moiety, reversibly combine through hydrazone linkages. Surprisingly, only one [2] catenane product, consisting of two interlocked macrocyclic dipeptide trimers, formed among the possible diastereomers. The acetylcholine trimethylammonium group was found to be the primary template recognition site.
Alternatively, the spontaneous (in the absence of a template) formation of octameric [2] catenanes under dynamic selfassembly conditions was reported (67) . Mixtures of -d -ProAib-(Aib is α -aminoisobutyric acid) and -l -Pro-l -Xxx-(Xxx is a chiral aromatic amino acid) monomers were assembled. Nevertheless, formation of the octameric [2] catenanes is highly diastereoselective. The major product consists of two tetrameric macrocycles each containing three units of -d -ProAib-and a single unit of -l -Pro-l -Xxx-. Only the diastereomeric combination of the two dipeptides mentioned above did generate the octameric [2] catenanes. According to the results of an X-ray diffraction analysis, each tetrameric ring is saddle shaped with three type II ′ β -turns (71 -74) created by the -d -Pro-Aib-dipeptide sequence. Cooperative H-bonding and C-H … π interactions serve to rigidify and stabilize a core of the structure which is effi ciently nucleated by the aromatic ring.
Finally, a π -acceptor and π -donor disulfi do [2] catenane from a dynamic combinatorial library of distinct building blocks each containing two l -Cys residues was synthesized (68) . The heterotetramer [2] catenane is formed by two interlocked heterodimeric donor … acceptor moieties. The yield of the water-soluble major component is enhanced by the addition of an electron-rich template, which intercalates between the two electron-defi cient units of the catenane. The product adopts the thermodynamically most stable conformation, where the number of favorable interactions between the donor and acceptor is maximized while the repulsive interactions between electron-rich cores are minimized. This represents the fi rst construction of a peptido [2] catenane which contains both donor and acceptor units in the same ring. Air oxidation-induced, interunit Cys … Cys disulfi de bond formation and reversible exchanges allow generation of the bis -dimeric interlocked species.
Contributions to synthetic, peptide-based rotaxanes by the authors ' group
Based on our long-standing expertise on peptide synthesis and preferred conformations, our group is currently investigating the properties of a new set of symmetrical and nonsymmetrical peptido [2] rotaxanes with an oligopeptide in their axle. Initially, we chose two symmetrical axles, each characterized by either two Aib residues or by two incipient 3 10 -helical (71 -74) -(Aib) 4 -homopeptide ester sequences (75) . A fumardiamide-derived central station, two ethoxy linkers, and two 9-fl uorenylmethoxycarbonyl (Fmoc) N α -protection stoppers completed the chemical structures of the [Fmoc-(Aib) n -O-(CH 2 ) 2 -NH] 2 -FUM (n = 1 and 4; FUM, fumaric unit) axles. The fumardiamide moiety proved to be an excellent template for the formation of the Leigh ' s aromatic tetramide macrocyclic wheel. The X-ray diffraction structures of the two peptido [2] rotaxanes are shown in Figure 3 . In each structure, the ring is held in place by amide … amide H-bonds, and by phenyl … phenyl edge-to-face and phenyl … olefi n π -stacking interactions. In the -(Aib) 4 -peptido [2] rotaxane, the regularity of the two incipient 3 10 -helices is not disturbed by the presence of the macrocycle.
Then, we de novo designed, synthesized, and characterized a reversible molecular device based on a peptido [2] rotaxane (75) . We envisaged the non-symmetrical ( E )-FUM confi gured axle shown in Figure 4 A. The N-terminal region is formed by a tripeptide with the sequence -d -Leu-(Gly) 2 -, followed by a 3 10 -helical -(Aib) 6 -segment. Next, we incorporated an ethoxyamide-FUM unit and an l -Leu residue. We also selected diphenylacetyl and diphenylmethylamino moieties and the aromatic tetramide ring for the stoppers and the wheel. The NMR technique proved to be instrumental in detecting the reversible motion of the wheel from the C-terminal maleidiamide ( Z )-MAL station ( IIa ), generated by photon stimuli from the C-terminal ( E )-FUM station ( I ), to the N-terminal -Gly-Gly-station ( IIb ) (Figure 4 B) . The solvent polarity appears to be responsible for the reversibility of the process. By virtue of the size of the inner cavity of the wheel relative to the outer diameter of the peptide helix, a rotation of the wheel concomitant with its translation along the axle seems plausible. We are currently studying the mechanism of the wrapping motion in this molecular machine in detail and extending the scope of this research to a system where both the wheel and the N-terminal stopper are decorated with appropriate probes to follow the relative motion of the two components.
Next, we decided to expand this fi eld by synthesizing and studying peptido [2] rotaxane molecular shuttles, part of the axle of which is composed of 2,5-dioxopiperazines (termed also 2,5-diketopiperazines, DKPs), planned as stations for the reversible motion of the aromatic tetrabenzamido wheel (76) . DKPs are members of a class of cyclic organic compounds which result from double peptide bond formation between two α -amino acids to afford a bis -lactam (77) . We fi rst synthesized the axle of the symmetrical peptido [2] rotaxane using the Boc-Lys-Lys(diphenylacetyl)-OCH 3 dipeptide (Boc, tertbutoxycarbonyl), which was subsequently dimerized via reaction of the Lys ε -NH 2 functions with fumaric acid chloride. Then, we assembled the tetrabenzamido wheel on top of the fumardiamide station to obtain rotaxane 1 ( Figure 5 ) having two diphenylacetamido stoppers. Acidic removal of the two Boc-Lys α -amino protections furnished 2 , which was subsequently cyclized to the DKP-based peptido [2] rotaxanes 3 and 4 , using CN -catalysis and heating in CH 3 CN. Upon irradiation at 256 nm in dimethylsulfoxide solution, the tetrabenzamido wheel travels along the axle, eventually reaching one of the two DKP stations and providing peptido [2] rotaxane 5 . Both types of stations can interact effectively with the wheel through multiple hydrogen bonding.
Very recently, two peptido [2] rotaxanes were synthesized using an axle based on an N,N-disubstituted DKP as a template to which bulky tritylphenyl stoppers were attached through ' click ' chemistry (78) . An NMR study provided 
Conclusions
This overview summarizes the results thus far reported in the literature on peptide-based rotaxanes and catenanes. Among the former compounds, almost exclusively, the simplest peptido [2] rotaxanes were prepared (or extracted and sequenced) and their properties were investigated. In all of these supramolecular systems, peptides are principally incorporated in the axle (often as stations, but as spacers as well). However, examples of cyclic peptides as wheels are also known (21) . It is worth mentioning here that even nature developed peptido [2] rotaxane systems with specifi c bioactivities (38 -61) . In particular, the peptide-based rotaxane microcin J25 is one of the few natural molecules which inhibit RNA polymerase. This property makes it a perfect target for antibacterial therapy. Synthesizing analogs which mimic its characteristics could afford novel, potentially very useful, bioactive compounds. Moreover, lasso peptides combine unique properties relevant for many diverse applications in medicinal chemistry as robust scaffolds. On the other hand, polypeptide-based catenanes represent excellent simple models to get information on the complexity of protein folding and dynamics phenomena, as well as intriguing lead compounds for the development of new materials. Considering the rather limited number of peptide-based rotaxanes, and particularly catenanes, available, it is quite clear that there is ample space for further experimental and theoretical investigations in these interesting and emerging areas.
Peptide science is a classical interdisciplinary subject, which is expected to heavily contribute to narrow the gap and strengthen the ties between synthetic organic chemistry on one side and applications to biology and nanoscience on the other side. In this framework, peptide unique modular properties and huge chemical diversity of coded and non-coded amino acid building blocks offer enormous advantages to creative supramolecular chemists involved in the developments and applications of peptide-based rotaxanes and catenanes. Other advantages related to the introduction of peptides into rotaxanes and catenanes include: (i) Use of a helical backbone which does afford a good yield of the supramolecular entity, because this preorganized system does not need to fold prior to H-bonding with the corresponding template sites. (ii) Production of molecular shuttles endowed with rigid axles, which is a very rare opportunity without being forced to result in highly insoluble systems. Moreover, a rigid axle will permit to hold appropriate probes far apart on a non-folding template. (iii) Tailoring of their solubility properties to different media, suitable also to the development of biocompatible systems. (iv) Opportunity to investigate how the conformational properties of two folded elements allosterically communicate structural information.
